Despite generating a different cisternal morphology after reassembly, we noticed that the effects of NSF and p97 were not additive. The median cisternal length of the products was very similar as was the percentage of membrane incorporated into cisternae (Rabouille et al., 1995a) . Given the differences in the function of these two ATPases, this was a surprising result and suggested that NSF and p97 share a common component of the fusion machinery. Given the work carried out on the mechanism of NSF action, we focused on Golgi SNAREs. Here we identify the t-SNARE syntaxin 5 as a common component of the two pathways and discuss the implications of this competition for membrane traffic and organelle biogenesis.
Results

The Reassembly Assay
Purified rat liver Golgi membranes were incubated with mitotic HeLa cytosol for 30 min at 37ЊC to generate mitotic Golgi fragments (MGFs) that were then isolated and incubated with 2.5 mM NEM for 15 min on ice. These treatments render Golgi membranes inactive for cisternal regrowth unless the components of the NSF and/or p97 pathway are added. In other words, single cisternae only grow in the presence of either NSF ϩ ␣-SNAP ϩ ␥-SNAP ϩ p115 (a vesicle docking protein [Sapperstein et al., 1995] ) or p97 ϩ p47, or both. The level of each component was adjusted to give maximum cisternal regrowth, which in most cases meant that the amounts added were 5-to 10-fold lower than those used previously (see Experimental Procedures; Rabouille et al., 1995a) . In agreement with earlier results, the extent of regrowth was similar for the two pathways, and there was no significant, additive effect. In a typical set of experiments, cisternae regrew from a starting value for NEM-MGFs of 21.5% Ϯ 3% (SEM) to 41% Ϯ 3% (SEM) for NSF, 40% Ϯ 4% (SEM) for p97, and 44% Ϯ 3.5% growth is expressed on a scale from 0% to 100% where quenched, and preincubated briefly on ice with the following components (final concentrations in assay): ␣-SNAP (50 g/ml), ␥-SNAP 0% represents the starting NEM-MGFs and 100% the (25 g/ml) , NSF (100 g/ml), or p115 (7.5 g/ml). After addition of maximum regrowth for either the NSF or p97 pathway.
buffer or p97/p47, the samples were incubated for 60 min at 37ЊC.
On this scale, omission of one or more components of The membranes were fixed, processed, and the percentage memeither pathway prevented cisternal regrowth from NEMbrane in cisternae determined. Results are presented as the percentMGFs by 80%-90%. age cisternal regrowth Ϯ SEM (n ϭ 3) where 0% represents starting NEM-MGFs (22% Ϯ 3% in cisternal membranes) and 100% represents p97/p47 in the absence of any pretreatment (40% Ϯ 4% in ␣-SNAP Inhibits the p97 Pathway cisternal membranes).
To test for competition between the two pathways, each (B) NEM-MGFs were preincubated briefly with variable amounts of ␣-SNAP followed by incubation with p97/p47 (open squares) or component of the NSF pathway was preincubated with incubated with NSF/␥-SNAP/p115 and variable amounts of ␣-SNAP NEM-MGFs for 5 min on ice before addition of the p97/ (filled squares). The 100% cisternal regrowth value for the NSF pathp47 complex. As shown in Figure 1A , neither NSF, way was 41% Ϯ 4% in cisternal membranes. The final concentra-␥-SNAP, nor p115 had any significant effect on cisternal tions of ␣-SNAP in the assay are indicated.
reassembly by the p97 pathway. However, ␣-SNAP inhibited reassembly almost completely, to the level obtained using buffer alone (20%). Each of these compoinhibition of the p97 pathway. The mirror symmetry of the curves suggests that activation of the NSF pathway nents was added at the level needed for maximal reassembly by the NSF pathway. To get a better idea by ␣-SNAP is linked to inhibition of the p97 pathway. of the levels of ␣-SNAP needed for activation of the NSF pathway and inhibition of the p97 pathway, the dose p47 Inhibits the NSF Pathway Components of the p97 pathway were also tested for dependency was measured. As shown in Figure 1B , about 15 g/ml ␣-SNAP was needed for half-maximal their effect on the NSF pathway. NEM-MGFs were preincubated briefly with either p97 or p47 before addition activation of the NSF pathway and about 30 g/ml for the level inhibited regrowth to almost the same level as the buffer control (23%), and even when added at the same level it inhibited the NSF pathway by 50%. This raised to a His-tagged, recombinant form of syntaxin 5 suggests that the NSF pathway is inhibited by p47 as lacking the transmembrane domain (His6-syntaxin 5-⌬TM) it activates the p97 pathway. (Hui et al., 1997b) . Preincubation of NEM-MGFs with these antibodies inhibited the p97 pathway by 80% and The Role of Golgi SNAREs in Cisternal Reassembly the NSF pathway by nearly 60% (Figure 3 ). This inhibition The cross-inhibitory effect of ␣-SNAP and p47 sugwas prevented by preincubation of the antibodies with gested that both the NSF and p97 pathways utilize a recombinant protein either with or without the His 6 tag. common downstream component of the fusion machin-A monoclonal antibody to syntaxin 1, a syntaxin that is ery. SNAREs are the obvious candidate, since they are not present in Golgi membranes, had no inhibitory effect known to interact directly with NSF/SNAPs (Sö llner et on either pathway (Figure 3 ). al., 1993b). Several Golgi SNAREs are known, the best Recombinant syntaxin 5 lacking the transmembrane characterized being syntaxin 5 (Bennett et al., 1993) (and domain was also tested for its effect on the reassembly the yeast homolog, Sed5p [Hardwick and Pelham, 1992;  assay. The form tagged with His 6 was not inhibitory, but Banfield et al., 1994] ) and GOS-28/GS28 (Nagahama et a recombinant form comprising only the cytoplasmic al. Subramaniam et al., 1996) . Syntaxin 5 is a domain (syntaxin 5-⌬TM) inhibited the p97 pathway by t-SNARE that resides mostly on the CGN (Banfield et 60% and the NSF pathway by nearly 80% (Figure 3 ). al., 1994) and is involved in both anterograde traffic from These results point to syntaxin 5 as a common compothe endoplasmic reticulum (ER) (Dascher et al., 1994) nent of the two reassembly pathways. and retrograde traffic from later parts of the Golgi appaIn contrast, GOS-28 was only involved in one of the ratus (Banfield et al., 1995) . GOS-28/GS28 is a v-SNARE pathways. Affinity purified antibodies inhibited the NSF that has been implicated in both ER to Golgi (Subramanpathway by more than 85% (Figure 3 ), consistent with iam et al., 1996) and intra-Golgi transport (Nagahama et their known effect on exocytic transport (Nagahama et al., 1996) . It is also known to form a SNARE complex al., 1996; Subramaniam et al., 1996) . However, these with syntaxin 5 (Hay et al., 1997; Subramaniam et al., antibodies had no significant effect on the p97 pathway 1997).
( Figure 3 ). This suggests that the p97 pathway either The role played by syntaxin 5 in cisternal reassembly has no need of v-SNAREs during cisternal reassembly or uses one(s) different to GOS-28. was tested using affinity purified polyclonal antibodies GST-syntaxin 5-⌬TM (1.2 g) or GST (1.2 g) was incubated with p47 (0.5 g), p97 (2.0 g), or both in 50 l of buffer containing 0.1% Reconstituted p97/p47 was incubated with the indicated amounts deoxycholate on ice, then isolated on glutathione beads, washed, of the heterobifunctional cross-linker sulfo-SADP on ice, and unconand bound proteins fractionated by SDS-PAGE. Blots were probed jugated cross-linker was removed by gel filtration. The modified with antibodies to p97 and the His6 tag on p47. p97/p47 complex was then incubated on ice with salt-washed Golgi membranes, and where indicated the cross-linker photoactivated by UV light at 254 nm. After quenching and solubilization in denaturing p47 and ␣-SNAP Compete for Syntaxin 5 detergents, endogenous syntaxin 5 was immunoprecipitated using If syntaxin 5 is a common component of the NSF-and a mixture of polyclonal anti-peptide antibodies. After cleavage of the p97-mediated pathways of cisternal reassembly, then cross-links using 2-mercaptoethanol, the samples were fractionated the simplest way to explain the competition between by SDS-PAGE and the blots probed with antibodies to p97 and the His 6 tag on p47. A longer exposure for p97 is shown in the middle these two pathways is to suggest that p47 and ␣-SNAP panel.
compete for binding to syntaxin 5.
His6-tagged p47 and pure p97, either alone or as a complex, were incubated with recombinant GST-syntaxin 5-⌬TM in the absence or presence of ␣-SNAP. As p47 Binds to Syntaxin 5 shown in Figure 6A , ␣-SNAP bound to GST-syntaxin If syntaxin 5 is a common component of the p97 and 5-⌬TM and prevented the binding of p47 irrespective of NSF pathways, then we might expect that one or more whether p47 was alone or part of the p97/p47 complex. components of the p97 pathway should bind to syntaxin An 8-fold excess of ␣-SNAP over p47 typically inhibited 5 just as the ␣-SNAP component of the NSF pathway binding of p47 or p97/p47 by about 80%. The converse does (Hanson et al., 1995; Subramaniam et al., 1997) .
was also true as shown in Figure 6B . p47 inhibited the The p97/p47 complex was reconstituted using p97 binding of ␣-SNAP to GST-syntaxin 5-⌬TM either on its purified to homogeneity from rat liver cytosol and reown or when part of the complex with p97. A 2-fold combinant, His 6 -tagged p47. After coupling the heterobiexcess of p47 over ␣-SNAP typically inhibited binding functional cross-linker, sulfo-SADP, the modified comof ␣-SNAP by about 50%. p97 alone had no significant plex was repurified, incubated with Golgi membranes, effect. and the cross-linker photoactivated by UV light. After quenching, the membranes were solubilized in SDS to separate all but cross-linked components, and endogenous syntaxin 5 was immunoprecipitated using antipeptide antibodies. The cross-links were then cleaved using 2-mercaptoethanol, the proteins that were bound to syntaxin 5 were fractionated by SDS-PAGE, and the blots probed for p47 and p97. As shown in Figure 4 , p47 was cross-linked to syntaxin 5, the level increasing with increasing amounts of the cross-linker. Very little p97 was bound, though some could be visualized upon prolonged exposure of the blot. This likely represents the small amount of cross-linked complex in which p97 is linked to p47, which is linked to syntaxin 5. These results show that p47 binds directly to syntaxin 5 in Golgi membranes and is likely responsible for the binding of p97.
The binding of p47 to syntaxin 5 was also reconstituted using a recombinant form of this SNARE lacking the transmembrane domain and with the N terminus fused to GST (GST-syntaxin 5-⌬TM). His6-tagged p47 and p97, either alone or in a complex, were incubated in detergent (A) GST-syntaxin 5-⌬TM (1.2 g) was incubated on ice with ␣-SNAP with GST-syntaxin 5, which was then isolated on gluta-(4.0 g), p47 (0.5 g), and p97 (2.0 g), either alone or in combination, in 50 l of buffer containing 0.1% deoxycholate. Proteins bound to thione beads. As shown in Figure 5 , p47 bound to GSTglutathione beads were fractionated by SDS-PAGE and blots probed syntaxin 5 when present alone or as part of the p97/ using antibodies to p97, p47, and the His6 tag on ␣-SNAP. p47 complex. In contrast, p97 only bound when it was (B) GST-syntaxin 5-⌬TM (1.2 g) or GST (1.2 g) was incubated with part of the complex. These results suggest that p47 ␣-SNAP (0.25 g), p47 (0.5 g), and p97 (2.0 g), either alone or in mediates the binding of p97 to SNAREs just as ␣-SNAP combination, and processed as in (A). The blots were probed using antibodies to the His 6 tag on ␣-SNAP.
mediates the binding of NSF. There is an additional form of syntaxin 5 in mammals electron microscopy. The nonadditive effect of NSF and p97 in rebuilding Golgi cisternae can be explained if with an N-terminal extension containing an ER retrieval signal (Hui et al., 1997b) . As a result, this longer form has syntaxin 5 controls all the necessary fusion steps. These studies also suggest a role for the recently a more peripheral location, though most is still present in the Golgi apparatus. GST-constructs of this longer form discovered p47 cofactor on the p97 pathway. Crosslinking studies show that p47 binds directly to native were still found to bind p47 or ␣-SNAP (data not shown).
syntaxin 5 in Golgi membranes and to a recombinant form of syntaxin 5 lacking the transmembrane domain.
Negative Staining of p97/p47/GST-Syntaxin 5 Complexes
p97 only binds if it is in a complex with p47. The specificity of this binding was confirmed by visualizing a com-NSF, SNAPs, and SNAREs form a defined complex that can be observed by electron microscopy (Hanson et plex of p97/p47 with GST-syntaxin 5. Negative staining revealed a structure in which a p97/p47 "body" was al., 1997). If p97, p47, and syntaxin 5 form analogous complexes, then these should also be observable. attached to two "legs" of GST-syntaxin 5. Taken together, these results suggest that p47 mediates the Pure p97 is a hexamer with the six subunits forming the staves of a barrel-shaped structure. When viewed binding of p97 to syntaxin 5 and so plays an analogous role to ␣-SNAP, which mediates the binding of NSF. by negative staining horizontally and side-on, it appears as two bands (Figure 7 , top left). After reconstitution Differences do, however, exist. p97/p47 exists as a stable cytosolic complex, whereas SNAPs and NSF only with His 6 -p47, the trimer of p47 can be seen at one end of the p97 barrel, confirming our earlier observations form a complex in the presence of SNAREs (Wilson et al., 1992) . The binding of p97/p47 occurs in the presence (Kondo et al., 1997) . The p47 in side view has the appearance of a conical "hat" (Figure 7 , top right, arrows).
of MgATP, whereas these same conditions lead to break up of the NSF/SNAPs/SNARE complex (Sö llner et al., Further reconstitution with GST-syntaxin 5-⌬TM generates a striking structure with two "legs" emanating from 1993a; Subramaniam et al., 1997) . One possible explanation is that the syntaxin 5 construct used forms an a p97/p47 "body." The length of the "legs" is consistent with the length of GST ϩ syntaxin 5 using a predicted abortive complex with p97/p47. This construct lacks the transmembrane domain, which has been shown to coiled-coil structure for syntaxin (Chapman et al., 1994) . This structure is seen in each of the images presented augment the binding of ␣-SNAP to syntaxin 1A (Hanson et al., 1995) , but it has not so far been possible to prepare and in the image averaged from 20 individual ones (Figure 7, bottom) . It was not obtained when GST was used a usable syntaxin 5 construct with this domain. Alternatively, other cytosolic or Golgi components might be instead of GST-syntaxin 5-⌬TM. The images suggest that two molecules of syntaxin (or a multiple of two) needed to break up the complex, and efforts are currently underway to identify these. are bound to a p97 hexamer/p47 trimer. The precise orientation of the syntaxin 5 and its relationship to p97/ Although the NSF and p97 pathways share syntaxin 5, they do not share other components of the fusion p47 must await further experiments using specific antibodies.
machinery. The NSF pathway needs the Ypt/rab family of small GTPases (Søgaard et al., 1994; Rothman and Sö llner, 1997) and so is sensitive to added GDI (RabDiscussion GDP dissociation inhibitor) (Elazar et al., 1994) . The p97 pathway appears to be insensitive to this exchange facSeveral lines of evidence point to syntaxin 5 as a common component of the two fusion pathways that rebuild tor (Acharya et al., 1995) . We have shown in this paper that antibodies to GOS-28 inhibit the NSF but not the Golgi cisternae from mitotic Golgi fragments. Both the NSF and p97 pathways are inhibited by antibodies to p97 pathway. This either means that a different Golgi v-SNARE is required or none at all. This latter possibility syntaxin 5 and by a recombinant form of this protein that lacks the transmembrane domain. ␣-SNAP inhibits is given considerable support by work in the accompanying paper on the yeast homolog of p97, Cdc48p (Patel the p97 pathway and p47 the NSF pathway, and both proteins compete for binding to syntaxin 5. Just as NSF et al., 1998 [this issue of Cell] ). Cdc48p is needed for the homotypic fusion of outer nuclear envelopes during and ␣-SNAP form a defined complex with a variety of syntaxins, including syntaxin 5, so p97/p47 forms a deyeast karyogamy, and this can be mimicked in a cellfree system using yeast microsomes. Fusion requires fined complex with syntaxin 5 that can be visualized by Cdc48p but not the yeast homolog of NSF, Sec18p (Latinactivation of syntaxin 5 or GOS-28. Alternatively, some of these SNAREs might be involved in rebuilding those terich and Schekman, 1994). Latterich and colleagues now show that the Cdc48p pathway is mediated by the cisternae that are not reconstituted in our cell-free assay. Syntaxin 5 is mostly present in the CGN and cis-ER t-SNARE Ufe1p, which was first identified by its role in retrograde transport from the Golgi to the ER (Lewis most cisternae, suggesting that trans cisternae and the TGN are not reconstituted. Antibodies to the recently et al. , 1997) . Ufe1p is needed in both ER membranes that are to fuse; none of the known ER to Golgi v-SNAREs discovered TGN SNARE, syntaxin 6 (Davanger et al., 1997) , should resolve this issue. are involved. This strongly suggests that a t-t-SNARE pairing mediates the homotypic fusion of ER and per-
The competition between the NSF and p97 pathways may have important implications for the biogenesis and haps Golgi membranes and that p97/Cdc48p breaks up the t-t-SNARE pair in a similar manner to the break up functioning of the Golgi apparatus. Each Golgi cisterna has two domains, an inner core containing resident Golgi of the v-t-SNARE pair by NSF/Sec18p. Consistent with this idea is the observation that the t-SNAREs now implienzymes, and a peripheral rim that is involved in the budding and fusion of transport vesicles (Weidman et cated in t-t-SNARE pairing are known to form dimers and perhaps higher-order oligomers (Banfield et al., al., 1993) . The fusion events at the rim are likely controlled by NSF and those in the core by p97. Therefore, 1994; Patel et al., 1998; unpublished data) . It is also worth pointing out that the break-up of the v-t-SNARE during interphase, NSF would control the flux of cargo through the Golgi apparatus whereas p97 would control pair by NSF will generate a t-SNARE that might, under certain conditions, be able to interact subsequently with its biogenesis. The ratio of these two activities would then depend on the cell type. At one extreme would be a t-SNARE rather than a v-SNARE. This could explain why NSF has been implicated in homotypic as well as the differentiated secretory cell with a high flux of cargo but only sufficient biogenesis to compensate for Golgi heterotypic fusion events (Haas and Wickner, 1996) .
If syntaxin 5 controls all the necessary fusion steps turnover. At the other extreme would be the nonsecreting but rapidly dividing tumour cell with much less cargo leading to cisternal reassembly, it is not immediately obvious how the NSF and p97 pathways can each generbut a high rate of organelle biogenesis. By utilizing a common component of the fusion machinery, the cell ate a different type of cisternal morphology. The answer probably lies in the two classes of membranes that are would be able to integrate the flux of cargo through the Golgi apparatus with its biogenesis. Calculation shows generated during mitotic disassembly. The first class is a homogeneous population of ‫07ف‬ nm transport vesicles that there are roughly similar amounts of ␣-SNAP and p47 in cytosol, suggesting that competition in vivo is a generated by the COPI budding pathway; the second class is likely the remains or remnants of the cisternal real possibility. Our efforts are now focused on trying to adjust the levels of these two regulatory components cores, comprising a heterogenous population of tubules and vesicles larger than transport vesicles (Misteli and so as to determine the consequences for the Golgi apparatus. . The vesicles will be enriched in GOS-28 (Nagahama et al., 1996) and should be depleted in syntaxin 5 (Banfield et al., 1994) ; the opposite will be Experimental Procedures true for the remnants. The NSF pathway should operate preferentially on the transport vesicles during the early Proteins phase of reassembly, whereas the p97 pathway should ␣-SNAP, ␥-SNAP, NSF (Rabouille et al., 1995a) , and p47 (Kondo et al., 1997) were prepared as His 6-tagged, recombinant proteins. p97 operate on the remnants. When coupled with likely dif- (Kondo et al., 1997) and p115 ferences in the kinetics of the two ATPases, two cisternal al., 1997) were prepared from rat liver cytosol. Purified p97 and morphologies could easily be generated through the recombinant p47 were used to prepare the p97/p47 complex (Kondo common syntaxin 5. et al., 1997) . Furthermore, this model could also explain why the Several forms of recombinant syntaxin 5 were prepared compriseffects of NSF and p97 on cisternal reassembly are not ing the entire cytoplasmic domain without the N-terminal extension found on the longer isoform (Hui et al., 1997b) and lacking the additive. The NSF pathway operates via v-t-SNAREs, transmembrane domain (TM): His6-syntaxin 5-⌬TM was prepared so complete cisternae would be reassembled by the as described (Hui et al., 1997b ) and used to prepare antibodies; fusion of GOS-28-enriched transport vesicles with syn-GST-syntaxin 5-⌬TM was prepared by amplification without the inititaxin 5-enriched cores. If the p97 pathway operates via ator ATG but with the stop codon and, with flanking BamHI and t-t-SNAREs, then the formation of complete cisternae EcoRI sites, cloned into the pGEX4T-2 vector (Pharmacia). Induction would require the presence of some syntaxin 5 in the at 25ЊC was followed by purification using glutathione-Sepharose transport vesicles. Only then could they fuse with the (Pharmacia); cleavage with thrombin (Sigma) to remove the GST was used to prepare syntaxin 5-⌬TM.
syntaxin 5-enriched cores. The presence of t-SNAREs in transport vesicles is not without precedence. Synaptic vesicles contain the t-SNAREs syntaxin 1 and SNAP-25, Antibodies though in smaller amounts than the cognate v-SNARE Affinity purified antibodies to His6-syntaxin 5-⌬TM and mixed polyclonal antibodies to individual peptides (NHU1, 2, 3, and 4) were VAMP/synaptobrevin (Walch Solimena et al., 1995) . prepared as described (Hui et al., 1997b) . Monoclonal antibody to Syntaxin 5 and GOS-28 may not be the only SNAREs syntaxin 1 (HPC-1) was obtained from Giampietro Schiavo (Inoue involved in rebuilding Golgi cisternae. Few other Golgi et al., 1992) . Affinity purified antibodies to GOS-28 were obtained SNAREs are known so far (Banfield et al., 1995; Bock from Thomas Sö llner (Nagahama et al., 1996) . Monoclonal antibodet al., 1996; Hay et al., 1997; Lowe et al., 1997; McNew ies to p97 were obtained from Jan-Michael Peters. Polyclonal antiet al., 1997), but if they operate in combination or in bodies to p47 were prepared as described (Kondo et al., 1997) . Monoclonal antibodies to the His 6 tag were obtained from Quiagen.
tandem, then they would be unable to function after
